Vascular Biology in Genetically Altered Mice Smaller Vessels, Bigger Insight
Frank M. Faraci, Curt D. Sigmund M anipulation of genes in the mouse genome to produce transgenic or gene-targeted animals represents a powerful experimental tool with which to study the role of specific gene products in complex physiological systems. Because of the power of studying genetically altered mice, a major effort has begun to incorporate the use of these models in studies of the cardiovascular system, including vascular biology.
The present review will summarize progress that has been made in studies of vascular biology in mice. A major focus of the discussion will be studies of vascular function. At present, the majority of studies of vascular function in genetically altered mice have been related to the role of endothelium. For this reason, we will highlight studies related to endothelium and nitric oxide (NO, a major vasoactive substance produced by endothelium) as examples of the types of studies that are being done in mice and of the new insight into the regulation of blood vessels that is emerging.
The article will also summarize advantages and limitations of using genetically altered mice as well as new insights obtained from such studies in the areas of signal transduction and pathophysiology. In addition, we will summarize potential directions and methodologies for future studies of vascular biology in mice.
Use of Normal Mice for Studies of Vascular Biology
The methodology to produce targeted gene disruption in mammalian cells that subsequently contribute to the germ line was developed in the mid to late 1980s. [1] [2] [3] [4] [5] Before the age of producing genetically altered mice, studies of vascular function in mice appeared only occasionally in the literature. Examples are studies of vascular responses in mice made hypertensive by psychosocial stress. 6, 7 Even in more recent years, mice have only occasionally been used for studies of normal vascular function 8 -12 and for examining the effects of hypercholesterolemia (produced by a high fat diet) [13] [14] [15] [16] [17] or diabetes (produced by use of streptozotocin or alloxan) 14 -16,18,19 on blood vessels. Exceptions to this trend were the studies by Rosenblum, 20 who used mice exclusively over the past 3 decades and published many articles dealing with cerebral vascular function.
Advantages of Genetically Altered Mice
Mice that overexpress or are lacking in expression of selected genes are excellent models for establishing the functional importance of a particular gene product. Homologous recombination using embryonic stem cells ("gene targeting") is a powerful investigative tool being widely used in many disciplines. At present, the mouse is the only mammalian species in which gene targeting can first be performed and then be successfully transmitted to the germ line. In addition to studies of loss of gene function, these animals often represent models of human inherited or acquired diseases. The phenotypes resulting from such alterations have ranged from the predictable to the surprising. In some cases, mice carrying a disrupted gene appear phenotypically normal.
Findings such as the latter may result from redundancy in the genome and/or the expression of compensatory mechanisms.
One of the great strengths of the gene-targeting technique is that it can eliminate many problems present in other, more commonly used models. This includes the limited specificity of pharmacological agents (eg, enzyme inhibitors or receptor antagonists). A good example of such a limitation in relation to vascular biology is studies of the NO system using inhibitors of NO synthase (the enzyme that converts L-arginine and molecular oxygen to NO and L-citrulline). 21 It is now known that there are 3 major isoforms of NO synthase. These enzymes are products of separate genes and are designated neuronal, endothelial, and inducible isoforms of NO synthase (nNOS, eNOS, and iNOS, respectively). 21 Although pharmacological inhibitors of NO synthases such as N G -monomethyl-L-arginine have been very useful in examining the role of NO in vascular biology, a major limitation exists because this analogue of L-arginine (and most inhibitors of NO synthase) nonselectively inhibits all isoforms of the enzyme (eNOS, iNOS, and nNOS). 22, 23 For example, there are no selective inhibitors of eNOS. Thus, it is difficult to study effects of selective inhibition of single isoforms of NO synthase. In addition, when inhibitors of NO synthase are used, there are often uncertainties regarding tissue or cellular access as well as the extent of enzyme inhibition. Finally, some studies have suggested that inhibitors of NO synthase may have effects unrelated to inhibition of that enzyme system. 24 A major strength of the gene-targeting approach is that it allows the use of a precise genetic alteration to study complex responses in blood vessels or in intact animals. Gene targeting offers a level of specificity that traditional pharmacology can rarely (if ever) achieve.
In addition to studies of gene deletion in mice generated through gene targeting, the generation of transgenic mice that overexpress a selected gene is also a common approach. With this approach, one can study the effects of overexpression of a candidate gene that may contribute to normal vascular regulation or vascular dysfunction under pathophysiological conditions. A transgenic animal is one that contains a segment of exogenous genetic material that is stably incorporated into the recipient genome. In contrast to deletion of a gene through gene targeting, overexpression of genes through the use of transgenics can be performed in other species. An example of studies involving the cardiovascular system is the transgenic rat that overexpresses the mouse Ren2 gene [TGR(mRen2)27] and is chronically hypertensive. 25 Although transgenic research can be performed in other species, the vast majority of this work is also performed with the use of mice because of the greater relative technical ease of manipulating the mouse embryo.
Endothelial Function
A major focus of research in vascular biology relates to the role of endothelium in health and disease. Thus, it is perhaps not surprising that the majority of studies of vascular function in genetically altered mice are related to endothelial function (Tables 1 and 2 ).
Studies to date suggest that endothelial function is generally similar in blood vessels from normal mice compared with blood vessels from other species. For example, acetylcholine (the classic endothelium-dependent agonist) produces relaxation of the mouse aorta 26 -30 as well as the carotid, 28, 31 coronary, 28, 32, 33 mesenteric, 28,34 -36 and pulmonary 37 arteries. Acetylcholine also produces dilatation in the microcirculation of mice. 38 -41 The relaxation observed in response to acetylcholine in murine blood vessels is endothelium dependent 8, 11, 29, 40, 42, 43 and, thus, similar to that observed in many other species, including humans.
In homozygous eNOS-deficient mice (eNOSϪ/Ϫ), relaxation of the aorta 26 arteries in response to acetylcholine is absent. An example of responses in the carotid artery is shown in Figure 1 . Relaxation of the aorta in response to A23187 (a calcium ionophore) is also absent in eNOSϪ/Ϫ, 44, 46 indicating that the findings with acetylcholine are not unique and that both receptor-mediated and receptor-independent endotheliumdependent relaxation is mediated by eNOS. Similarly, relaxation of mesenteric arteries in response to acetylcholine is greatly impaired in eNOSϪ/Ϫ, in which the response to acetylcholine was reduced by Ϸ75%. 34 These findings provide direct evidence that endothelium-dependent relaxation of the aorta and several major arteries is mediated by eNOS ( Figure 2 ). These results obtained in eNOSϪ/Ϫ mice are consistent with studies in vessels from control mice in which pharmacological inhibitors provided indirect evidence that endothelium-dependent relaxation was mediated by NO. 26 -29,31,32,35,37,38,42 The concept that the combination of eNOS and NO is a major mediator of responses to endothelium-dependent agonists is consistent with many studies in large arteries and resistance blood vessels from both experimental animals and humans. [47] [48] [49] [50] [51] [52] [53] In addition to studies investigating the role of eNOS in responses to classic endothelium-dependent agonists, some studies have examined effects of other vasoactive stimuli in eNOSϪ/Ϫ mice. For example, pulmonary vasoconstriction during hypoxia is increased, 54, 55 and autoregulation of cerebral blood flow during reductions in arterial pressure is impaired in eNOSϪ/Ϫ. 56 An interesting aspect of studies in eNOS-deficient mice is the phenotype observed in heterozygous eNOS-deficient mice (eNOSϩ/Ϫ). Although low concentrations of acetylcholine produced relaxation, higher concentrations of acetylcholine produced contraction of the carotid artery in eNOSϩ/Ϫ mice. 31 eNOSϩ/Ϫ mice also have increased pulmonary vasoconstrictor responses to hypoxia. 54 These data suggest that deletion of even one copy of the eNOS gene is sufficient to alter vascular function. The finding that eNOSϩ/Ϫ mice have a distinct phenotype may be relatively unique and reflect the critical importance of eNOS in the regulation of vascular tone. The findings with eNOSϩ/Ϫ mice also have important implications because they illustrate that only a partial loss of eNOS (as might be seen with some genetic diseases) is sufficient to alter the regulation of vascular tone. 31, 54 An eNOS transgenic mouse has also been described recently. 57 These eNOS transgenic mice provide an example of how cellular specificity can be included in the design of a genetically altered animal as the transgene was targeted to endothelium by use of a preproendothelin-1 promoter. 57 In these animals, basal production of NO is increased, but relaxation of the aorta in response to acetylcholine, ATP␥S (another endothelium-dependent agonist), and NO donors is impaired. 57 Impairment of vasorelaxation to exogenous and endothelium-derived NO after overexpression of eNOS might seem paradoxical but may reflect a downregulation of signaling mechanisms that mediate responses to NO (discussed below).
In addition to the finding that eNOS plays a major role in the regulation of vascular tone, studies in eNOS-deficient mice have highlighted other potentially important functions of eNOS in vascular biology. For example, neointimal proliferation after vascular injury is increased in the absence of eNOS. 58 Whether this effect is due to direct actions of NO on vascular proliferation or indirect effects, such as suppression of leukocyte migration by NO, is not known at this time. Vascular remodeling after arterial ligation is impaired, and vascular proliferation is increased in eNOS-deficient mice. 59 Vascular remodeling during chronic hypoxia is also altered in these mice. 54, 55 Finally, eNOS is an important regulator of ischemia-induced angiogenesis. 60 Thus, together, these results have provided direct evidence that endogenous NO produced by eNOS is an important regulator of vascular tone (Figure 2 ), growth, and remodeling as well as of the migration of vascular muscle.
Signal Transduction Receptor Function
Several studies have examined effects of deletion of specific receptors on vascular function. This includes receptors for prostacyclin, estrogen, endothelin, angiotensin II, guanylate cyclase-A natriuretic peptide, and bradykinin (Table 1) . In recent studies, the smooth muscle ␣-actin promoter was used to target expression of parathyroid hormone-related protein and the parathyroid hormone-related protein receptor to vascular muscle. 61, 62 These studies provide a second example of how cell-specific transgene expression can be included in the design of genetically altered mice (the first example was the transgenic mouse in which eNOS was targeted to endothelium by use of a preproendothelin-1 promoter, which is discussed above). In addition to providing information about the role of specific receptors under normal conditions, these studies may provide clues as to the role of these receptors under pathophysiological conditions that may have been unknown previously. For example, preliminary evidence suggests that mice deficient in expression of the bradykinin B 2 receptor have increased vascular production of superoxide anion, suggesting that endogenous bradykinin, acting through this receptor, may normally suppress the production of reactive oxygen species. 63 
Shear Stress
In addition to receptor-mediated responses, endothelium can produce relaxation of vascular muscle in response to some mechanical stimuli. For example, vimentin is an intermediate-filament cytoskeletal protein that is thought to be sensitive to shear stress. Importantly, flow-induced vasodilation is impaired in vimentin-deficient mice, 36, 64 providing direct evidence that vimentin is a key signaling protein for this mechanical stimulus. Preliminary studies in these same mice indicate that vimentin also plays a key role in vascular remodeling in response to chronic changes in blood flow. 65 In transgenic mice that overexpress erythropoietin, relaxation of the aorta in response to acetylcholine, but not to nitroprusside, is enhanced. 66 The effect may be due to increased eNOS expression or activity in response to higher levels of shear stress that are present in these animals as a result of a greatly elevated hematocrit. 66 
Calcium Homeostasis
Production of NO by eNOS is known to be dependent on levels of intracellular calcium. Phospholamban is a regulatory protein associated with the sarco(endo)plasmic reticulum and is involved in intracellular calcium homeostasis. Deletion of the gene for phospholamban impairs vasorelaxation in response to acetylcholine. 67 Because expression of phospholamban has been generally thought to be limited to cardiac, smooth, and skeletal muscle, these results were surprising and suggested an additional (previously unknown) role for the protein in endothelium. 67, 68 This study (Sutliff et al 67 ), which unmasked a nonpredicted result, highlights one of the advantages of studies in genetically altered mice. Similar to studies of phospholamban, targeted deletion of sarco(endo)plasmic reticulum Ca 2ϩ -ATPase, a calcium pump known to be expressed in endothelium and involved in intracellular calcium signaling, 68 results in impairment of increases in intracellular calcium and endothelium-dependent relaxation in response to acetylcholine. 29 
NO-Mediated Signaling
Vasodilation in response to NO has generally been considered to be mediated by activation of soluble guanylate cyclase and the production of cGMP. A key molecular target for cGMP is cGMP-dependent protein kinase (cGK). 69 Two types of cGK are known to exist, cGKI and cGKII, but only cGKI is expressed at high levels in smooth muscle. 69, 70 Recent studies in cGKI-deficient mice have provided new evidence that vasorelaxation in response to endogenously produced NO is mediated by cGKI. For example, relaxation of the aorta in response to acetylcholine (which causes endogenous formation of NO) and to cGMP and reductions in arterial pressure in response to a donor of NO are absent in cGKI-deficient mice. 70 Vascular muscle in cGKI-deficient mice responds normally to cAMP and adenosine, indicating that cAMP and cGMP act via different signaling pathways. 70 The latter finding is important because some previous work has suggested that high concentrations of cAMP could potentially activate cGK. 71, 72 At this time, it is not known whether normal vascular responses to cAMP in cGKIdeficient mice result from expression of other compensatory mechanisms. Thus, these data provide direct evidence that cGKI is the primary mediator of relaxation of vascular muscle in response to NO and cGMP (Figure 2 ). This concept is consistent with earlier work, 71 including reports suggesting that the soluble guanylate cyclase/cGMP pathway mediates relaxation of large arteries and microvessels in response to NO. 31, 32, 38, [73] [74] [75] In addition to regulation of vascular tone, effects of NO on vascular gene expression and cell migration, proliferation, and permeability may also be mediated by soluble guanylate cyclase, cGMP, and cGKI. 76 -80 The soluble guanylate cyclase-cGKI system may be altered in the presence of other genetic manipulations or in some disease states. For example, relaxation of the carotid artery in response to nitroprusside (an NO donor) is augmented in eNOS-deficient mice (both eNOSϩ/Ϫ and eNOSϪ/Ϫ mice). 31 Enhanced relaxation to NO in eNOSdeficient mice may represent a compensatory response to reductions in the amount of eNOS and basal NO present in blood vessels. In addition, the finding that vasorelaxation in response to NO is enhanced even in eNOSϩ/Ϫ mice provides additional evidence that deletion of one copy of the eNOS gene is sufficient to alter vascular responses. Consistent with the initial finding of enhanced responses to NO in eNOS deficient mice 31 is the recent finding that vasorelaxation in response to NO was impaired in mice that overexpress eNOS and have elevated levels of basal NO. 57 The mechanism that accounts for impaired responses to NO in eNOS transgenic mice is not clear, but could potentially involve downregulation of soluble guanylate cyclase or cGKI by NO. 76, 81 Studies in genetically altered mice have also provided insight into the role of vasodilator-stimulated phosphoprotein (VASP) in cGMP-mediated vasorelaxation. 82 VASP is known to be potentially phosphorylated by cGK. However, the role of VASP in vascular function has been difficult to study because of a lack of selective inhibitors. Recent data in VASP-deficient mice indicate that, in contrast to cGKI, VASP is not essential for cGMP-induced relaxation of vascular muscle. 82 
Pathophysiology Hypertension
Although many studies have now examined the effects of various genetic alterations on regulation of arterial pressure, 83 there have been very few studies related to vascular biology performed in chronically hypertensive mice. Endotheliumdependent relaxation is impaired in most studies of experimental animals (nonmurine species) and of humans with chronic hypertension. 84 -87 In contrast, in normal mice in which hypertension is produced by psychosocial stress, endothelium-dependent relaxation of the aorta and hindlimb has been reported to be paradoxically increased. 7 Although some data are available on endothelium-dependent responses in genetically altered mice that are moderately hypertensive (eNOS-deficient and cGKI-deficient mice), 26, 70 these data are difficult to compare because responses to acetylcholine are completely abolished in the absence of these essential signaling mechanisms (as discussed above).
We have begun to examine vascular function in a defined model of hypertension, mice that overexpress human renin (Rϩ) and human angiotensinogen (Aϩ) and are chronically hypertensive. 88, 89 In preliminary experiments, relaxation of the aorta and carotid arteries in response to acetylcholine (but not papaverine, an endothelium-independent vasodilator) was impaired in Rϩ/Aϩ mice. 90, 91 Mechanisms that mediate this impairment of endothelial function may include the production of a cyclooxygenase-derived contracting factor. 91 The Rϩ/Aϩ mouse represents a defined model that has some distinct advantages over the commonly used spontaneously hypertensive rat (SHR) and the stroke-prone SHR. SHR and stroke-prone SHR are models in which hypertension has an unknown etiology and in which the genetic background is quite dissimilar to that of the Wistar-Kyoto (WKY, the normotensive control) rat. 92 Increasing evidence suggests that genetic background is an important additional variable in studies of cardiovascular biology (see discussion below). The genetic background of Rϩ/Aϩ transgenic mice that were initially studied 90, 91 is nearly identical to that in the control animals because the mice in these studies were derived from 4 to 5 generations of backcross breeding to C57BL/6. With continued backcross breeding, future studies will be able to use mice with even greater homogeneity in the genetic background. Because previous studies examining effects of hypertension in SHR versus WKY rats have used strains that are genetically diverse, the results are clouded by the presence of genes in the genetic background that may themselves predispose or protect from hypertension. Thus, simple comparison of data obtained in SHR and WKY rats is not optimal. 92 
Atherosclerosis
The most commonly used genetically altered murine model for studies of atherosclerosis has been the apolipoprotein E (apoE)-deficient mouse. [93] [94] [95] The apoE molecule is a ligand that mediates LDL receptor clearance of chylomicrons, VLDLs, and other serum lipoproteins. [93] [94] [95] Consequently, apoE-deficient mice fed a normal diet develop hyperlipidemia and atherosclerosis. 93, 95, 96 The vascular lesions that develop in these mice are quite similar to atherosclerotic lesions in humans. 94, 95 Many other mouse models have been described in which specific genetic alterations (gene overexpression or targeted gene disruption) have altered the development or progression of atherosclerosis. [93] [94] [95] [96] The genes that have been studied include several involved in lipid metabolism, the immune system, leukocyte-endothelium adhesion molecules, antioxidant proteins, proteinases, and thrombosis. [93] [94] [95] [96] The use of genetically altered hyperlipidemic mice for studies of regression of atherosclerosis has also begun. 97 In addition, genetically altered hyperlipidemic mice are now being commonly used to examine effects of other interventions on the development of atherosclerosis. 94 For example, LDL receptordeficient and apoE-deficient mice have been used to test the concept that Chlamydia pneumoniae produces endothelial dysfunction and accelerates atherosclerosis during hypercholesterolemia. 98 -100 An even more complex approach involves the use of multiple genetic alterations. One example is the recent study of effects of deletion of the gene for monocyte chemoattractant protein-1 (a chemokine) on susceptibility to atherosclerosis in apoB transgenic mice. 101 The interaction of atherosclerosis and hypertension has also begun to be investigated. 102 In contrast to the number of studies that have examined the effects of genetic alterations on the development of atherosclerosis, only a few studies have examined changes in vascular function in these models. 27, 30, 32 Endotheliumdependent relaxation of the aorta is impaired in apoEdeficient 30 and combined apoE-deficient and LDL receptordeficient mice. 27 Endothelial dysfunction is not confined to the aorta, in view of the fact that relaxation of coronary arteries in response to serotonin (which produces relaxation in this artery that is mediated by NO and activation of soluble guanylate cyclase) is also impaired. 32 The mechanism that accounts for this impairment has not been completely defined but may involve mechanisms such as increased expression of endothelin 30 and increased production of superoxide anion. 103 The basic finding that endothelial dysfunction is present in genetically altered hyperlipidemic mice is similar to that the finding obtained in normal mice in which hypercholesterolemia was produced by a high fat diet. [13] [14] [15] [16] [17] The finding that endothelial dysfunction is present in atherosclerotic mice is consistent with studies of atherosclerosis in other experimental animals and in humans. In addition, genetically altered mice have begun to shed new light into the pathophysiology of atherosclerosis. Recent studies in apoE-deficient mice produced the surprising finding that a novel isoform of extracellular superoxide dismutase (extracellular SOD) is expressed in macrophages within atherosclerotic lesions. 104 Studies in klotho-deficient mice have revealed that the klotho protein protects endothelial function and development of atherosclerosis. 39, 105 The klotho gene is involved in the suppression of several age-related phenotypes, including atherosclerosis, infertility, and osteoporosis. 105 Mice that are klotho deficient may be a model of human progeroid syndromes. 105 
Leukocyte-Endothelial Interactions and Inflammation
Studies in genetically altered mice are also providing new insight into the molecular basis of leukocyte-endothelial interactions. 106 For example, the finding that basal rolling and adhesion of leukocytes in the microcirculation is greatly elevated (Ϸ6-fold) in eNOS-deficient mice 107 provides strong evidence that NO produced by eNOS plays a major role in leukocyte-endothelial interactions under normal conditions (Figure 2) .
Ischemia followed by reperfusion is known to produce endothelial dysfunction, which may contribute to tissue injury. Recent studies by Banda et al 35 have shown that ischemia/reperfusion inhibits endothelium-dependent relaxation in control mice but not in animals that lack expression of the adhesion molecules CD11/CD18, intercellular adhesion molecule (ICAM)-1, or P-selectin. These studies provide strong evidence that the interaction of circulating leukocytes with endothelium after ischemia with reperfusion contributes to endothelial dysfunction.
After treatment with bacterial lipopolysaccharide (LPS), leukocyte-endothelial interactions in the cremaster microcirculation are increased in both iNOS-deficient and interleukin-10 (IL-10)-deficient mice. 108, 109 In addition to regulation of leukocyte-endothelial interactions, these gene products have other major vascular effects. Constrictor responses and endothelium-dependent relaxation are impaired after treatment with LPS in arteries from experimental animals and humans. 110, 111 In contrast, there is no impairment of vasoconstrictor responses in iNOS-deficient mice after treatment with LPS, 111 and impairment of vasoconstrictor responses and endothelial function is augmented in IL-10 -deficient mice. 112, 113 These results provided the first direct evidence that impaired vasoconstrictor responses after LPS treatment are dependent on expression of iNOS and modulated by IL-10. In addition, the findings in IL-10 -deficient mice support the new concept that IL-10 protects eNOSmediated vascular responses during inflammation. The mechanism of protection by IL-10 may involve inhibition of production of superoxide anion, which impairs endotheliumdependent relaxation. 113 
Cerebrovascular Injury
The use of genetically altered mice to examine the role of specific gene products in brain injury after ischemia is currently an active area of investigation. For example, focal cerebral ischemia produces more profound reductions in cerebral blood flow in the region of the ischemic penumbra and larger infarcts in eNOS-deficient mice, demonstrating the protective role of eNOS during cerebral ischemia. 56 Like eNOS-deficient mice, transgenic mice that overexpress ␤-amyloid precursor protein have greater reductions in cerebral perfusion at the periphery of the ischemic region and enlarged infarcts after occlusion of the middle cerebral artery. 114 These animals also have endothelial dysfunction in the cerebral circulation. 114, 115 In contrast, double transgenic mice that overexpress both ␤-amyloid precursor protein and CuZn-SOD have normal endothelial function, indicating that SOD can rescue the vascular defect produced by overexpression of ␤-amyloid precursor protein. 115 Transgenic mice that overexpress CuZn-SOD are also protected against vasospasm after subarachnoid hemorrhage, suggesting that superoxide anion plays an important role in the pathogenesis of vasospasm. 116 
Importance of Controls
A critical issue in designing and interpreting studies using transgenic or gene-targeted mice relates to the influence of genetic background and the choice of proper control strains. In generating gene-targeted mice, the most common approach is to use embryonic stem cells from the 129 mouse strain for gene targeting and then to inject these genetically altered stem cells into blastocytes from the C57BL/6 mouse strain. 5 Germ line transmission of the altered genome by breeding with a C57BL/6 mouse results in animals that are an F 1 of 129 and C57BL/6. Although all F 1 mice are genetically identical, the heterogeneity develops when the heterozygous (ϩ/Ϫ) F 1 mice are bred to homozygosity (Ϫ/Ϫ). Although both alleles of the target loci are disrupted, the genetic background of the mice is an F 2 of 129ϫC57BL/6. Alleles in the background of the 2 strains randomly segregate in the F 2 generation. To eliminate this heterogeneity in the genetic background, a common approach is to perform backcross breeding over many generations to a common strain. After 7 generations of backcross breeding, the genetic background is Ͼ99% uniform. An alternative is to cross the original chimera with a 129 mouse to retain the inbred status of the 129 strain. Although this may seem attractive, it is rarely done because of poor reproductive performance and other abnormalities associated with the 129 strain. Because initial studies in genetically altered mice are often performed before the animals have been bred to uniformity in the genetic background, an additional common strategy is the use of littermates as controls. With littermate controls, the degree of heterogeneity in the genetic background, on the average, will be similar in control and gene-targeted animals.
It has been emphasized that controlling for genetic background is essential in studies of this type. 117 It is known that gene mutations can exhibit different phenotypes on different genetic backgrounds. Thus, only if the same background is used across experiments can it be concluded that differences
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in phenotype are due to the specific genetic alteration rather than differences caused by the random assortment of alleles at other loci, some of which may have nothing to do with the phenotype being examined. It has also been suggested that maintaining a mutant mouse line by homozygous inbreeding should be avoided. 117 The importance of choosing proper strains of control mice becomes obvious when one examines the many examples of strain differences that have been described. For example, in relation to vascular biology, there are strain differences in resting levels of arterial blood pressure, 118 in susceptibility to atherosclerosis 94, 119 and ischemia, 120, 121 and in angiogenesis, 122 vascular anatomy, 123, 124 and vasodilation in response to acetylcholine. 121 
Limitations in Using Genetically Altered Mice
There are limitations in the use of genetically altered mice for experimental studies. For example, a potential limitation exists in that compensation may occur in the animal either during development or later in response to deletion of the targeted gene. For example, another "redundant" gene product may replace the function of the gene that was disrupted. 3 As a result, deletion of one gene product may not result in any detectable change in phenotype.
In studies of blood vessels in eNOS-deficient mice, some data are available to address this issue, and 2 lines of evidence suggest that compensation has not occurred with regard to endothelium-dependent relaxation of the aorta and other large arteries. The first line of evidence is that acute treatment with pharmacological inhibitors has an effect on responses to acetylcholine that is similar to the effect produced by deletion of the eNOS gene. 31 The second line of evidence is the finding that vasorelaxation in eNOS-deficient mice in response to acetylcholine can be restored after viral-mediated gene transfer of eNOS. 44 Thus, acute gene replacement (complementation) restores the phenotype to normal, suggesting that embryonic or developmental anomalies do not account for the impaired endothelium-dependent relaxation phenotype. In contrast to the aorta and other large arteries that have been studied, compensatory responses have been described in the coronary circulation and cerebral arterioles in eNOS-deficient mice. 41, 125 In eNOS-deficient mice, for example, the neuronal isoform of NO synthase may substitute for eNOS in mediating responses of cerebral arterioles to acetylcholine. 41 These compensatory mechanisms were unmasked by means of standard pharmacological approaches, providing an example of the power of using both genetic alterations and traditional pharmacology in the same study.
The relatively small body size of mice is an additional obvious limitation for studies of blood vessels. The most commonly used method for in vitro studies of vascular function is to use vessel rings suspended in an organ bath. To date, the aorta has been by far the most frequently studied blood vessel in mice, although some studies have been performed with other mouse arteries (Tables 1 and 2 ). In addition, the cremaster, hindlimb, mesenteric, and cerebral circulation are used for studies of genetically altered mice in vivo. Because the aorta is not a resistance blood vessel, data obtained with use of the aorta may not always be representative of mechanisms present in smaller blood vessels or in specific vascular beds. However, studies of the aorta in nonmurine species have generally been very informative over the years. There are now many examples in which findings initially obtained in aorta were later confirmed in the microcirculation. For example, the pioneering discoveries of both endothelium-derived relaxing factor and endothelin were made with use of the aorta. 126, 127 Moreover, the aorta is a relevant model for studies related to vascular disease that is predominantly localized in large arteries, such as atherosclerosis.
Future Directions
The increasing interest in the use of genetically altered mice for cardiovascular research has resulted in the application of many methods, previously used only in larger species, to pursue questions related to vascular biology in mice. These methods include culturing endothelium and vascular muscle 128 -130 and measurements of intracellular calcium, 29, 128, 130 superoxide anion, 103 superoxide dismutase, 104 and ionic currents and membrane potentials in vascular muscle. 28, 131 Molecular approaches, including measurements of mRNA and protein, and research examining the effects of viral-mediated gene transfer 44, 132, 133 and treatment with antisense oligonucleotides 134 are now also being used to study murine blood vessels. In addition to the approaches and models highlighted above, genetically altered mice are being used in studies of other areas of vascular biology, including transplant atherosclerosis, hemostatic and thrombotic responses, and mechanisms of aneurysm formation. [135] [136] [137] [138] [139] [140] The recent identification of promoter elements sufficient to direct expression of heterologous gene products to endothelium and smooth muscle of the vasculature will clearly provide new opportunities to gain control over the spatial expression of target genes. Promoters that have been used to target expression to endothelium include preproendothelin-1, TIE2, thrombomodulin, ICAM-2, vascular endothelial cadherin, and vascular endothelial growth factor receptor-2 (Flk-1). 57, [141] [142] [143] [144] [145] [146] To target endothelial expression of eNOS in transgenic mice, 5Ј flanking sequences from the preproendothelin-1 gene 57 were used, and studies of the eNOS promoter region itself reveal that 1600-bp of the human eNOS 5Ј flanking region will direct expression of the LacZ gene to the vascular endothelium. 147 The smooth muscle ␣-actin and SM22␣ 148 -150 promoters have been used to efficiently target smooth muscle cells in transgenic mice. With these tools comes the opportunity to specifically generate models of vascular disease, to test potentially therapeutic agents, and to overexpress wild-type or dominant-negative mutants of receptors or intracellular signaling intermediates, antisense molecules, or reporter genes, among others.
Perhaps equally important as spatial (cell-specific) control over gene expression is temporal control. Indeed, a major potential limitation of the standard gene-targeting approach is that the phenotype observed in adult mice is the result of the lifelong loss of function of that gene product. Abnormalities caused early in development by the loss of gene function may result in a phenotype that is unrelated to its function in adults. For example, angiotensinogen-deficient mice exhibit a lethal phenotype that is due to the development of severe renal vascular lesions that may be unrelated to the blood pressure regulatory functions of the system in the adult. 151 A number of systems are currently available to regulate the expression of genes at the temporal level. Several of these are inducible/repressible systems that are based on the use of ligand-dependent transcription factors. In short, the tetracycline (tet) or ecdysone systems use a set of both transactivator and responder constructs (Figure 3) . 152, 153 The transactivator construct expresses the ligand-dependent transcription factor, which, in the case of the tet system, is sensitive to the tet analogue doxycycline and, in the case of ecdysone, is sensitive to the synthetic steroid muristerone. The transactivator is expressed under the control of a tissue-specific promoter that directs its expression to the cell type designated by the investigator. The responder construct expresses the desired protein behind a promoter that is responsive to the transactivators. In the ecdysone system, the transactivator (ecdysone receptor) is inactive in the absence of steroid but in its presence can now bind to the promoter of the responder construct to activate transcription of the target gene. Spatial control over expression is governed by the tissue-specific promoter driving the ecdysone receptor, and temporal control is gained by the administration or withdrawal of muristerone. The tet system is similarly regulated by ligand, except that 2 versions, one that activates transcription in response to doxycycline and one that represses transcription in response to doxycycline, are available. 152, 154 Like the conditional gene activation described above, models with a conditional or cell-specific gene deletion can be even more valuable, especially for genes that are expressed in multiple tissues or for gene deletion that causes a lethal phenotype. Moreover, it can be argued that the absence of a phenotype in a traditional knockout mouse may be due to the compensation of genes with redundant functions; and a cell-specific gene deletion may limit such compensation. The Cre-loxP recombinase system has been used previously by a number of laboratories to generate cell-specific deletions ( Figure 3 ). [155] [156] [157] Gene targeting is used to insert loxP sites into introns surrounding an important coding exon of the gene. 158 The gene will be fully functional in the absence of cre-recombinase because the loxP sites will be eliminated after splicing. On the other hand, in the presence of crerecombinase, a recombination event occurs at the genomic DNA level, deleting sequences between the loxP sites and rendering the gene nonfunctional. As mentioned above, spatial control over which cells will undergo the deletion is governed by the choice of cell-specific promoters driving cre-recombinase expression. Temporal control over the deletion can be achieved by using a viral vector to deliver cre-recombinase 159 or by using one of the ligand-regulated promoter systems described above. 157 In addition, a modification of the cre-loxP system can be used to activate the expression of a gene in a temporally controlled fashion. 160 Undoubtedly, continued advances in genetic methodology that provide temporal and spatial control over gene expression, coupled with new advances in methods to study vascular function in the mouse, will provide numerous new opportunities to dissect genetic and physiological mechanisms important in vascular biology. . The transactivator protein is nonfunctional in the absence of ligand (muristerone for the ecdysone system and doxycycline for the tet system) but becomes capable of activating transcription of a responder gene in its presence. In the ecdysone system, a coactivator is also required. The functional transactivator complex (transactivatorϩligandϩcoactivator) can then induce the transcription of a second construct containing the transgene product of interest driven by a responsive promoter. Although the responsive promoter is not tissue specific, it can become active only in cells expressing the transactivator, which is under tissue-specific control. For this system to work, the mice must contain both constructs. B, Schematic representation of CreloxP system. Cre-recombinase causes an intramolecular recombination event between 2 loxP sites. In the hypothetical 4 exon gene shown, loxP sites (black arrowheads) have been engineered surrounding exon 3, which encodes a critical portion of the hypothetical protein. Exons are denoted by boxes and are numbered. In the presence of cre-recombinase, an intramolecular recombination results in the deletion of exon 3 and one of the loxP sites. This occurs when the loxP sites are oriented in the same relative direction as shown.
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